Abstract. Integrin-linked kinase (ILK) is a highly conserved serine-threonine protein kinase that interacts with cytoplasmic domains of integrin subunits in tumor tissues. However, the relationship between gliomas and ILK is elusive. The present study aimed to investigate the role of ILK in a human glioma cell line (U251). ILK stable expressing vector, U251ILK-PGFP-V-RS-shRNA, was established and named as U251-si. The empty-PGFP-V-RS-shRNA (U251-N) was employed as the control. Quantitative real-time PCR and western blot analysis were used to detect ILK and E-cadherin mRNA and protein expression, respectively. Cell cycle analysis was employed to examine the cell cycle distribution. Cell migration was detected using a wound healing assay, and cell invasion was detected using a Transwell invasion assay. Tumor size and weight were also examined. The results indicated that ILK was expressed at a lower level at both the mRNA and protein levels in the U251-si group compared with the U251-N group (p<0.01). ILK knockdown suppressed cell proliferation of the glioma cells. Knockdown of ILK reduced the migratory and invasive potentials of the glioma cells. Inhibition of ILK expression upregulated E-cadherin and downregulated cyclin D1 in the glioma cells compared to the U251-N group (p<0.05). Knockdown of ILK in the U251 cells attenuated the ability of U251 cells to form tumors in nude mice and impaired glioma cell in vivo tumorigenicity. In conclusion, knockdown of ILK inhibits glioma cell migration, invasion and proliferation through upregulation of E-cadherin and downregulation of cyclin D1. Our results suggest that ILK may serve as a promising therapeutic target for glioma.
Introduction
Gliomas are the most common primary malignant brain tumors that originate from neuroepithelial tissue (1) (2) (3) . They are associated with a late diagnosis, poor prognosis, and high mortality rate. Despite aggressive multimodal therapy with maximal resection followed by the latest available therapeutic interventions, these tumors still have a dismal prognosis with a median survival rate of only 2 years and a 3-year survival rate of only 10% (4) . There is currently no effective treatment for glioma. Glioma is a highly complicated and heterogeneous tumor condition that results from the aberrant activation of numerous important signaling pathways (5) . Understanding the molecular mechanisms of glioma is of great importance in the search for a curative therapy.
Integrin-linked kinase (ILK) is a highly conserved serinethreonine protein kinase that interacts with the cytoplasmic domains of integrin subunits. Since its initial discovery in 1996, ILK has emerged as a key regulator of the phosphatidylinositol 3-kinase (PI3-K) signaling pathway, which activates protein kinase B (PKB)/Akt activity and inhibits cyclin D1, thereby inhibiting proliferation of different types of cancer cells (6) . Overexpression of ILK has been shown to promote cell migration and invasion (7) (8) (9) (10) (11) . In particular, inhibition of E-cadherin transcription is thought to be a key mechanism by which ILK promotes cancer cell invasion and migration.
In the present study, we investigated the role of ILK in a human glioma cell line (U251). Our results demonstrated an important and essential role of ILK in two key aspects of glioma, including apoptosis and the migration and invasion process.
Materials and methods
Cell culture. The human glioma cell line U251 was obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA) and penicillin/streptomycin (100 U/ml and 100 mg/ml) at 37˚C in a 5% CO 2 humidified atmosphere.
Plasmid construction and stable transfection. To generate a ILK stable expressing cell line, U251 cells were seeded into 6-well plates at a density of 1x10 6 cells/well. When U251 cell confluency reached 75-80%, the U251 cells were transfected with different PGFP-V-RS-shRNA constructs using Lipofectamine TM 2000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's protocol. One clone was transfected with ILK-PGFP-V-RS-shRNA and the other was transfected with empty-PGFP-V-RS-shRNA. At 48 h post-transfection, stable clones were selected with puromycin (8 µg/ml) for 3 weeks. Then the stable clones were screened for GFP expression by a fluorescence microscope and assayed for ILK expression by quantitative reverse transcriptase-PCR (qRT-PCR) and western blot analysis. ILK-PGFP-V-RS-shRNA was named U251-si and empty-PGFP-V-RS-shRNA was named U251-N. The control cell line named U251 was not transfected.
Quantitative real-time PCR. Total RNA was extracted from cells using TRIzol reagent (Life Technologies, Rockville, MD, USA) according to the manufacturer's instructions. First-strand complementary DNA (cDNA) was synthesized from 1 µg of total RNA using the Prime Script First Strand cDNA Synthesis kit (Takara, Dalian, China). Quantitative real-time PCR reactions were carried out with cDNA (1 µl) and the SYBR-Green Master Mix (Takara) on a Real-Time Quantitative Thermal Block (Biometra, Göttingen, Germany). The sequences of primers are listed in Table I . β-actin served as an internal control. The specificity of the PCR was confirmed by melting curve analysis. Data were treated using the comparative threshold cycle (CT) method (12) .
Western blot analysis. Proteins were extracted with a buffer composed of 50 mM Tris-HCl, pH 7.5, 0.1% Triton X-100, ethylenediaminetetraacetic acid (EDTA) 5 mM, and a cocktail of protease inhibitors. The following primary antibodies were used: anti-E-cadherin, anti-ILK, anti-Bcl-2, anti-cyclin D1, and anti-actin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA).
Cell cycle analysis. Cells were cultured with or without drug treatment for 24 h and subsequently analyzed. Control cells were treated with the vehicle control PTE [PEG300/ethanol/ Tween 80/citrate (63:29:7.8:0.2, w/v/w/w)]. Cells were harvested, fixed with cold 70% ethanol, and stored overnight at -20˚C, followed by staining with propidium iodide staining buffer (1 mg/ml RNase A, 0.1% Triton X-100, 50 µg/ml propidium iodide in PBS).
Stained samples were analyzed by flow cytometry with a FACSCalibur (Becton-Dickinson, San Jose, CA, USA) or with WinMDI 2.9 freeware to determine cell cycle distribution. The percentage of cells in each cell cycle phase was calculated relative to the total cells in the G1-G0, S and G2-M phases after prior exclusion of pre-G1-G0 events.
Wound healing assay. Cells were plated in 6-well plates at a density of 1x10 5 cells per well and grown to approximately 80% confluency. The monolayer was scraped with a sterile 200-µl pipette tip after removal of the culture medium. Subsequently, the culture was washed twice with serum-free medium. After that, cells were maintained in DMEM, the scratched areas were photographed at 0, 12 and 24 h after wounding using computer-assisted microscopy. Cell migration was calculated as the percentage of cell coverage to the initial cell-free zone.
Transwell invasion assay. Cell invasion was evaluated using a Transwell chamber (Corning Costar, Cambridge, MA, USA) equipped with a Matrigel-coated filter membrane (8-µm pores). Briefly, the filters were pre-coated with 0.5 µg basement membrane proteins (Matrigel; BD Biosciences, San Jose, CA, USA) and allowed to dry overnight at room temperature. Cells in FBS-free medium were seeded in the upper chambers, and the lower wells contained 10% FBS medium. After incubation at 37˚C for 24 h, non-migratory cells on the upper side of the insert were removed with a cotton swab. Cells that had passed through the filter were fixed in methanol and stained with hematoxylin. For quantification, six randomly selected fields on the lower side of the insert were photographed using computer-assisted microscopy.
Statistical analysis. Statistical analyses were performed with SPSS version 13.0 (SPSS, Inc., Chicago, IL, USA). Data are expressed as means ± SD. Differences between groups were analyzed by one-way ANOVA. A p-value <0.05 was considered statistically significant.
Results

Stable downregulation of ILK in the U251 cells.
One effective way to understand the physiological role of ILK in glioma is to inhibit the expression of endogenous ILK in glioma cell line models. The first efficient knockdown of ILK expression was achieved by the successful delivery and expression of short-hairpin (sh)RNA targeting ILK in the U251 cells. We detected expression of ILK in the U251 cells using immunofluorescence staining and western blot analysis. Immunofluorescence staining showed that ILK was mainly localized at the cell membrane and that immune intensity was obviously decreased in the the ILK-downregulated cells as compared with the control cells. ILK demonstrated low expression at both the mRNA and protein levels in the ILK-knockdown stable transfected clones compared with the empty-vector transfected cells (Fig. 1, p<0 .01).
Knockdown of ILK suppresses glioma cell growth. To determine the effect of ILK expression on glioma cell growth, proliferation curves of the ILK-knockdown stable clones and their corresponding non-targeted controls were compared. As shown in Fig. 2A , similar proliferation rates were observed for U251, U251-N, and U251-si cells during the first 48 h. However, starting from 72 h, a significant difference in cell growth was observed between the ILK-knockdown clones and the non-targeted controls. U251-N was found to have a higher proliferation rate when compared to the U251-si cells. This trend persisted until the last day of the proliferation assay. As shown in Fig. 2B , flow cytometry showed that the cell cycle was arrested in the G2/M phase. These results indicate that ILK-knockdown suppressed the cell proliferation of glioma cells.
Knockdown of ILK reduces the migratory and invasive potentials of glioma cells.
To assess the migratory ability of the ILK-knockdown stable clones, wound healing and a Transwell migration chamber were employed. Differences in wound-closure ability were obvious in the ILK-knockdown stable clones. Wounds in the U251-N control clones were almost closed in 24 h, yet the wounds in the U251-si stable clones were still clearly observed (Fig. 3A) . The Transwell migration assay revealed that the number of migrated cells in the U251-N control clones was significantly higher when compared to the U251-si stable clones (Fig. 3B) . Cell invasiveness of the ILK-knockdown stable clones was assessed by seeding the cells onto a Matrigel-coated invasion chamber. More invaded cells were observed in the U251-N control while significantly fewer cells were able to invade through the Matrigel in the U251-si stable clones. Collectively, these results indicated that knockdown of ILK suppressed cell invasion.
Inhibition of ILK expression upregulates E-cadherin and downregulates cyclin D1 in the glioma cells.
To investigate whether E-cadherin contributes to the cell migration and invasion induced by knockdown of ILK, we detected expression of E-cadherin in the U251 cells using immunofluorescence staining, real-time PCR and western blot analysis. Immunofluorescence staining showed that exogenous E-cadherin was mainly localized at the cell-cell contacts and that immune intensity was obviously increased in the U251-si cells as compared with the U251-N cells (Fig. 4) . Meanwhile, western blot analysis consistently showed that the protein expression level of E-cadherin was significantly increased in the U251-si cells as compared to the U251-N cells (Fig. 2C and D, p<0.01) . The real-time PCR data were also in direct agreement with the results of the western blot analysis (Fig. 2E, p<0 .01). Our data indicated that downregulation of E-cadherin was involved in the ILK-induced cell migration and invasion. Immunofluorescence staining of E-cadherin on the surface of the stable cells. Cells were fixed with acetone. E-cadherin on the cell surface was stained with a rabbit anti-E-cadherin antibody and a FITC-labeled secondary antibody. E-cadherin immunofluorescence (red) was imaged along with the nuclei stained with DAPI (blue). Scale bars, 100 µm. As shown in Fig. 2C , the protein level of cyclin D1 was significantly reduced in the U251-si cells. Additionally, such treatment resulted in a marked reduction in mRNA expression in the U251-si cells (Fig. 2E) . Collectively, these results suggest that upregulation of cyclin D1 is involved in ILK-induced cell proliferation.
Knockdown of ILK impairs glioma cell in vivo tumorigenicity.
U251-si stable clones were subjected to nude mouse injection. After subcutaneous injection of the cells into the nude mice, tumor growth was monitored carefully and the size of the tumors formed was measured weekly. Starting from week 3, larger tumors were formed in the mice injected with the NT control clones while smaller tumors were formed from the stable clones (Fig. 5A) . At week 3, the animals injected with U251-si were sacrificed due to oversized tumors (Fig. 5B ). Tumors were then harvested from the mice, photographed and weighed. Tumors formed from the U251-N control clones were significantly larger than the tumors from the U251-si stable clones. This trend was also reflected in the weight of the tumors where the average tumor weight from the U251-N control clones was significantly higher than that from the U251-si clones (Fig. 5C ). This result demonstrated that suppression of ILK in U251 cells attenuated the ability of U251 cells to form tumors in nude mice. In addition, protein was extracted from the excised tumors and analyzed for ILK expression by western blot analysis. ILK protein expression was decreased in the tumor tissues of the mice injected with the U251-si clones (Fig. 5D ).
Discussion
ILK is widely expressed in several types of human cancers including glioma and has been positively correlated with tumor growth and closely related to tumor apoptosis, proliferation, invasion and migration (13, 14) . ILK is a ubiquitously expressed serine/threonine protein kinase that binds directly to the cytoplasmic domains of β1 and β3 integrins and has been shown to have clinical/prognostic and functional significance in various human cancers.
In spite of the potential significance of ILK in glioma, the functional role of ILK and elucidation of its associated pathways in glioma have not been clearly defined. To understand the functions of ILK, endogenous ILK expression in glioma cell lines was silenced by shRNA. ILK-knockdown stable clones displayed suppressed cell proliferation and anchorage-independent growth. Additionally, motility and invasiveness of the cells were largely impeded upon ILK depletion. Glioma cells with suppressed ILK expression displayed an inhibited ability to form tumors in nude mice. All of these studies corroborate our findings that ILK exerts an oncogenic effect on glioma cell lines.
Recently, ILK has been shown to induce E-cadherin shedding and to promote cell migration and invasion in lung cancer cells (15) . Thus, we sought to study the effects of ILK on E-cadherin expression. E-cadherin is a transmembrane glycoprotein that mediates calcium-dependent intracellular adhesion in normal epithelial cells. Selective loss of E-cadherin function or expression has been linked with cancer progression and metastasis. In the present study, our results showed that inhibition of ILK increased E-cadherin expression at the mRNA and protein levels and decreased cell migratory and invasive abilities in the glioma cells. Our results strongly suggest that ILK suppresses E-cadherin expression to inhibit invasion and migration. However, the mechanisms underlying tumor metastasis by ILK remain to be further elucidated.
AKT is an important transcription factor that plays a pivotal role in promoting and maintaining an invasive phenotype by regulating multiple target genes, including Bcl-2, metalloproteinase-9 (MMP-9) and cyclin D1 (16) . Notably, previous research (17, 18) has also shown that AKT phosphorylates ILK and mediates its nucleocytoplasmic shuttling and functions in the nucleus. Cyclin D1 is the target of AKT, which has also been implicated in glioma (19) (20) (21) . In the present study, we demonstrated that cyclin D1 in the ILK-knockdown cells was markedly decreased compared with the level in the control cells. We also demonstrated that proliferation of human glioma cells in response to cyclin D1 were inhibited upon inhibition of ILK activity or expression in vitro. Finally, we also showed that inhibition of ILK resulted in a statistically significant suppression of tumor growth in a mouse xenograft model of U251 tumor growth in nude mice. These data suggest that ILK may be considered as an inhibitor for the suppression of tumor growth.
In conclusion, the results of the present study revealed that ILK knockdown reduced glioma cell migration and invasion at least partly through upregulation of E-cadherin and suppressed glioma cell growth through downregulation of cyclin D1. ILK plays a pivotal role in apoptosis, proliferation, invasion and migration. Our results suggest that ILK may serve as a promising therapeutic target for glioma.
